ABSTRACT: Data from monitoring surveys were used to test the responses of soft bottom fauna in Norwegian fjords and coastal waters affected by effluents from aluminium and manganese alloy smelters to effluent discharges. Generally, polycyclic aromatic hydrocarbons (PAHs) have been considered the main threat to the biota in the receiving waters. Data from a total of 57 quantitative stations, of which 30 were simultaneously sampled for sedimentary PAHs, were analysed. Canonical Correspondence Analysis (CCA) was used to evaluate species patterns in relation to sediment PAH concentrations and natural environmental variables such as depth, sediment characteristics and riverine input. The PAHs varied from very high concentrations (760 pg g.' total PAH) at the most impacted sites to background levels in reference areas. Despite previous reports of little to no effects of the effluent discharges, the analyses identlf~ed significant species changes along PAH gradients, which could be associated with feeding modes. In particular, a number of carnivorous polychaetes had their dlstnbution ophma In the most affected areas. Based on species statistics calculated by CCA, response functions were fitted for the species on PAH and used to establish a generalised expression of trophic community structure in relation to PAH concentrations. At low PAH levels, the carnivores represented 15 to 20% of the specimens in the communities, but the proportion began to increase from about 10 pg g-' and exceeded 50% at 100 pg g-' total PAH. The fauna1 changes were most evident in shallow waters, possibly reflecting the effects of dissolved PAHs to which the species may react more directly than they do to sedlrnentary particle-associated PAHs.
INTRODUCTION
The production of primary aluminium and manganese alloys is an important industrial activity in Norway, and Norwegian production accounts for a significant share of overall international capacity. A number of smelters are located along the west coast, mainly in narrow fjords or semi-enclosed coastal waters. Since the 1970s, environmental studies have been conducted in waters which receive waste discharge from the smelters. Waste effluents originating mainly from sea water scrubbing of furnace off-gases contain polycyclic aromatic hydrocarbons (PAHs), fluoride, soot particles from combustion processes and, in some cases, metals. PAHs have received the most attention as they have generally been considered the main threat to the receiving waters (Knutzen 1995) . In monitoring studies, very high PAH concentrations have been documented in sediments and indicator organisms near effluent discharge areas ( N z s et al. 1995) . The concentrations decrease rapidly with distance from source, although elevated levels have been registered in the fjords several tens of kilometres away. However, the ecological effects appear to be small, except within restricted zones in the immediate vicin-0 Inter-Research 1998
Resale of full artjcle not permitted ity of the effluent outfalls. Generally, it has been diffienvironmental factors, (2) to examine species distribucult to assess the role played by PAH in terms of the tion related to PAH gradients, and (3) to evaluate functioning of organisms in the receiving waters trophic community structure along PAH gradients. (Knutzen 1995) .
Data from fjords and coastal waters which do not In 2 of the fjords (Ardal and Sunndal), sediment PAH receive industrial effluents were included in the analyconcentrations in excess of 700 pg g-' dry weight, that ses as a reference to provide environmental gradients is, more than 1000 times background levels, have been in unimpacted systems. observed (Naes et al. 1995) . In Ardal, there was no macrofauna in the most impacted area, but a speciesrich fauna was present in sediments containing 100 to MATERIAL AND METHODS 400 1-19 g-I PAH at rather short distances (<600 m) from the abiotic zones (Knutzen 1995) . In most fjords, no
Fjords and sampling sites. Data were collected correlation has been found between faunal diversity ( Fig. 1 ) from 4 fjords which receive effluents from A1 and PAH levels. Knutzen (1995) actually suggested and Mn-alloy smelters (Ardal, Feda, Sauda, Sunndal) . that the physical damage done to the habitat, rather A total of 30 stations were sampled simultaneously for than the PAH level, was the determining factor for macrofauna and sedimentary PAH, covering water benthic fauna ~n the most impacted areas.
depths from 28 to 375 m and spanning distances from The apparently limited ecological effects contrast immediate proximity to more than 10 km away from wlth the toxicity of PAH reported from laboratory the effluent outfall points (Table 1) . At the most contaexperiments and field studies conducted elsewhere minated sites, the PAH levels exceeded 100 1-19 g-l, far (see e.g. compilations by Long 1992 , Long et a.1. 1995 .
above the defined limit for very strong contamination Knutzen (1995) suggested tbat the discrepancy might (sum PAH >20 pg g-l) set by Norwegian sediment be related to the particle affinities of the PAHs. The quality criteria (Molvier et al. 1997) . Values decreased majority of smelter effluent PAHs is associated with with distance from the outfall points and approached soot particles, which are presumably less available to background levels in some of the fjords. Details of the organisms than PAHs in a dissolved state. Similar conoccurrence and distribution patterns of PAHs in the clusions were reached by Paine et al. (1996) , as they fjords are given by NES et al. (1995) and N z s & Oug were unable to document toxicity from heavily PAH-(1997 PAH-( , 1998 . The smelters are located near the heads contaminated sediments near a Canadian aluminium smelter. On the other hand, it is also possible that certain specific biological responses have been overlooked. The ecological effects in the Norwegian fjords were mainly assessed on the basis of faunal diverslty at selected localities. Various recent studies (e.g. Olsgard & Gray 1995) have shown that measures of diversity are not sufficiently sensitive to describe the full range of the effects of contaminants on soft bottom fauna.
The present study represents an integrated evaluation of soft bottom community data from various Norwegian fjords and surveys with particular emphasis on species patterns as related to PAHs and natural environmental factors. The data have been compiled from monitoring programmes conducted in the fjords since the mid-1970s. Different species' feeding modes were incorporated into the analyses to assess the relationships in view of biological features of the organisms. The analyses were performed using Canonical Correspondence Analysis (CCA), a multivariate direct gradient technique which relates species patterns to environmental variables (ter Braak 1986 , Jongman et al. 1987 , ter Braak & Verdonschot 1995 . PAH was treated as an environmental variable on a par with depth, sediment characteristics and riverine input. The main aims of the study were: (1) to describe the species assemblages along gradients based on PAHs and natural of the fjords and are close to major river outlets. In the fjords, the brackish water typically flows towards the mouth as a surface plume. All sampling stations were located beneath the brackish layer at salinities of 30 to 35 psu. Due to the smelter locations, natural environmental factors dependent on, for example, topography and input of terrigenous materials may confound species patterns related to PAH contamination. In order to describe natural environmental conditions and be able to distinguish effluent effects from natural gradients, data were gathered from 5 fjords and coastal areas (Topdal, Kvinnherad, KBrst~, Surnadal, Tresfjord) unaffected by smelter effluents (Fig. 1, Table 1 ). Altogether, data were entered for 27 stations, representing, insofar as possible, the same depths and sediment types as in the smelter-affected fjords. In particular, fjords were selected on the basis of the influence exerted on them by nverine input.
Sampling and analysis. The faunal samples were taken using 0.1 m2 Petersen, Day or van Veen grabs. At each station, 2 to 8, usually 4 to 5, replicate samples were taken, sieved on 1 mm mesh sieves and preserved in 4 % buffered formaldehyde solution. Collected specimens were identified to the species level in the majority of animal groups examined. The species were classified into 4 broad categories according to their general feeding modes (carnivores, surface deposit feeders, subsurface deposit feeders, suspension feeders) based on information from Fauchald & Jumars (1979 ), Josefson (1986 and Gaston (1987) . Most carnivores are vagile forms which can actively move about, whereas the other groups comprise sessile forms having very low mobility.
Surface sediment samples (0 to 1 cm) for PAH analysis were usually obtained with a 5 cm internal diameter gravity corer, but subsamples were occasionally taken from the grabs. PAHs were analysed using gas chromatography fitted with flame ionizer detector (FID) or mass selective detector (MSD) on samples Soxhlet extracted in cyclohexane. The internal standards were 3,6-dimethylphenanthrene and P,Pbinaphthyl for analysis with FID and 7 deuterated PAHs for analysis with MSD. The analytical quality assurance/control involved testing against standard reference material, where available. Details of the sampling and analytical methods, along with an overview of the distribution of the PAHs in the receiving waters, are presented by N z s et al. (1995) .
Seabed conditions were visually characterised for all stations. In some of the fjords, surface sediments (0 to 1 cm) were analysed for particle sizes (fine fraction) and organic matter. The fine fraction (silt-clay) was determined by wet sieving. Carbon and nitrogen were determined according to the measurement routine for total organic carbon (TOC), using a CHN analyser after the removal of inorganic carbonates.
Environmental variables. Environmental variables for the numerical analyses were designated for topography (water depth, distance from source, distance from river inflow points) and seabed conditions, as well as PAH and sediment characteristics. The distances to effluent outfalls and freshwater inflow points were used to describe spatial faunal patterns in the flords.
The distance from river inflow points represents the possible influence of freshwater and terrestrial riverborne materials, and was applied in order to distinguish natural fjord gradients from smelter effluent gradients. Seabed conditions were defined as a 4-class categorical variable based on the visual characterisation of the sediments (effluent-impacted sediment, organically enriched sediment, sandmixed mud and mud). Effluent-impacted sediment was recognized by the occurrence of black carbon particles. Topographical variables and seabed conditions were determined for all stations.
The PAHs were described using the total concentration (PAHI3) of 13 routinely measured compounds (phenanthrene, anthracene, fluoranthene, pyrene, benzolalanthracene, chrysene, benzo [bjk] Numerical analyses. CCA provides a simultaneous ordination of species, samples and environmental variables. This technique arranges species and samples along axes which are constrained to be linear combinations of the environmental variables. Accordingly, the faunal patterns displayed can be related to the variables (ter Braak 1986 , Jongman et al. 1987 , ter Braak & Verdonschot 1995 . The importance of the relationships is reflected by the amount of species variance (referred to as 'inertia') that can be extracted on the axes. This is measured by the eigenvalues of the axes, which can be compared with the total variance in the species data ('total inertia') for the purpose of quantifying how much of the variation for which the variables may account. The total inertia is calculated as the sum of all unconstrained eigenvalues in Correspondence Analysis (CA). Diagrams are presented as combined plots (biplots) of species and environmental variables. Species are marked by points, representing their most preferred posit~on (distribution optimum) in relation to the variables. The variables are indicated by vectors (quantitative variables) pointing in the direction of maximum value of the variable. Long vectors indicate strong trends, and the angle between pairs of vectors approximates the correlation between the respective variables. Categorical variables are designated by points for the variable classes.
The analyses were carrled out with the program CANOCO, version 3.10 (ter Braak 1988 , 1990 , while diagrams were constructed with the drawing program CanoDraw 3.0 (Smilauer 1992). Three analyses were carried out. In the first analysis, general faunal gradients and responses to PAH contamination in the fjords were illustrated using data from all stations. Data on depth, distance from smelter, distance from river inflow points and PAH were entered as quantitative variables, while the bottom sediments were represented by the categorical variable for seabed conditions. In the second analysis, faunal gradients were assessed from 2 fjords (Sunndal and Surnadal) where quantitative sediment variables had also been obtained. Prior to analysis, topographical variables and PAH concentrations were log-transformed to make adjustment for skewed distributions. Species data for replicate samples were pooled for each station, recalculated as densities (ind. m-'), and square-root transformed to down-weight high densities. The procedure of 'forward selection' and Monte Carlo permutation tests were used to rank the variables in order of importance, and to identify a subset of significant variables maximally related to species distribution. In the plots, species' feeding modes were entered in order to illustrate functional relationships on PAH and environmental gradients.
The third analysis focused particularly on species distribution related to PAH. This analysis was carried out with PAH as the only environmental variable, implying that the first CCA axis turns into a linear gradient for PAH on which species are arranged in order. The variables of depth and distance from river outlet points were entered as covariables in order to eliminate variation related to these factors. For each species, statistics were calculated to determine the distribution centre on the gradient (optj.mum) and the spread along the gradient (tolerance). These statistics were utilised in a subsequent analytical step to fit response curves for the species on the PAH gradient. The curves were fitted according to the Gaussian function (= normal distribution), assuming unimodal species distributions where Y, is the estimated density of species i for the value (X) on the gradient (PAH concentrations), c, the maximum density, U , the optimum and t, the tolerance ('standard deviation'). The maximum density c, was estimated by taking the total species weight (the sum of observed densities) divided by the parameter N,, measuring the number of samples in which the species is well represented ('the effective number of occurrences': ter Braak 1990, ter Braak & Verdonschot 1995). Values for U. t, total weight and N2 are supplied in the output from the CANOCO processing. The analysis was performed on untransformed species values due to the fitting of the species curves.
The fitted species curves were used to develop a generalised expression of functional relationships along a PAH gradient. To manage this, all species were classified according to their feeding modes and their response functions were added up across species within the different feeding groups. The resultant dia-gram illustrates a model of the community's trophic composition in relation to PAH.
RESULTS

Fauna and sediments
In most fjords, the number of species sampled per station varied from 30 to 70 (Table 2 ). In Ardal, however, few species were found at the stations on the periphery of the afaunal zone close to the outfall. Moreover, a reduced number of species was detected at the most contaminated stations in Feda and Sauda. For the most part, the Shannon-Wiener diversity index ranged from 2.5 to 5.0. Apart from at the most highly impacted stations, species numbers and diversity did not differ between the smelter-affected fjords and the fjords not receiving industrial effluents. Table 3 lists the species included in the analyses (a total of 97 species) and includes summary information about their occurrence in the fjords.
Some stations close to effluent outfalls had dark grey or black sediments with a high TOC value and C/N ratio (Ardal, Sunndal) ( Table 2) . This is presumably due to effluent soot particles having become embedded in the sediments ( N e s & Oug 1997 & Oug , 1998 . Soot carbon is not distinguished from naturally occurring organic carbon by the ordinary analysis for TOC. In Sunndal, the TOC value and C/N ratio correlate with PAH concentrations (Nces & Oug 1998 ).
Main faunal patterns in the fjords
The basic CCA revealed significant faunal patterns related to depth, distance from freshwater inflow points, sediment types and smelter effluents ( Table 4) . In particular, the PAH level (PAHI3) figured among the variables explaining the relatively higher fractions of species variance. Using the forward selection procedure, the variables of depth, distance from river, PAH level and distance from smelter were selected and ranked as the most important variables. However, the fraction of explained species variance (23%) was rather low. To some degree, this reflects the structure of the analysis, given that data sets from different fjords with different species assemblages were put together in combination. In a separate analysis (not shown here), inter-fjord differences were estimated to account for about 40 % of the total species variance.
The variables of depth and distance from river correlated most strongly with the first and second CCA axes. The plot of these axes ( Fig. 2A ) displays the species according to gradients in depth and river inflow, which may be representative of natural faunal gradients in the fjords. Species positioned at the lower left, i.e. in the negative direction of the depth variable, had their distribution optima in relatively shallow waters (e.g. Amphiura filiformis and Edwardsiidae), while species at the upper right, i.e. in the positive direction, had their optima at the deepest stations (e.g. Thyasira gouldi and Kelliella miliaris). Species marked near the centre of the plot either were found in intermediate depths, or were present at (Fig. 2B) . The species in the upper part of the diagram were found near effluent outfall points (e.g. Protodorvillea kefersteini and Nereimyra punctata) while the species in the lower part were found far from the outfalls (e.g. oligochaetes, Onchnesoma steenstrupi and Echinocardium cordatum). The different orientation of the vectors for distance from river and PAH level makes it possible to discriminate between natural fauna1 gradients and species patterns attributable to smelter effluents.
The species plots which indicate feeding groups are illustrated in Fig. 3 . The feeding groups formed a mosaic pattern dependent on depth and river inflow, but carnivores tended to be most abundant in shallow waters, and there was a preponderance of deposit feeders in deeper waters distant from river inflow points (Fig. 3A) . However, clearer patterns began to emerge in relation to PAH levels and distance from smelter effluents. In the plots for axes 1 and 3 (Fig. 3B) , Table 3 . Plots account for 13 and 11 ' : L of the total species variation (total inertia) and 56 and 4 9 % of the explainable variation, respectively. Data for the analysis are given in Table 4 there was an aggregation of deposit and suspension feeders. It should be noted that most deposit and suspension feeders were located in a band parallel to the first axis, reflecting them occurrence in both shallow and deep water, and at varying distances from river inflow points. The result suggests that the smelter effluents favour carnivorous species, or conversely, are negative to deposit feeders. These effects tend to be most prominent in shallow waters and moderate depths. 
Sunndal and Surnadal fjords
The CCA for the Sunndal and Surnadal fjords, where quantitative sediment variables were obtained, revealed largely the same fauna1 patterns as in the main analysis. TOC and the C/N ratio were among the most important variables, but they were clearly related to the distance from the smelter and correlated with PAH levels (Fig. 4, Table 5 ). In the plot, most carnivores had their optima in the direction of increasing PAH levels, while most deposit feeders were located at a distance from river inflow points and smelter effluents with moderate and low TOC and C/N values. In forward selection, the C/N ratio was ranked at the top and selected together with depth, PAH,3 and the categorical variable of effluent-impacted sediment. The distance variables, TOC and other sediment categories tended not to contribute any significant additional information, obviously because of intercorrelations. The silt-clay fraction showed llttle correlation with species distribution. The results for the C/N ratio and TOC appear to reflect the effects of effluent soot parti- 'r.
Faunal changes in relation to PAH contamination
The primary yield of the CCA with PAH,, entered as the sole variable was an ordering of the species along a PAH concentration gradient. The species were ordered by their calculated optima with respect to PAH. The gradient (the first axis) explained a rather small fraction of the total species variance ( 5 % ) , but it was found statistically significant (p 0.05) using Monte Carlo permutation tests. This rather small variance may, as in the basic CCA discussed above, reflect the combination of different data sets in the analysis. The covariables (depth, distance from river outlet points) accounted for 1 2 % of the total variance. The ordered list of species exhibited a proportional dominance of carnivores in connection with (Table 6 ). It was, however, among the in the analysis, while other variables entered on the diagram were passive variables. TOC: total organic carbon; other abbreviations as polychaetes that a 'lear difference was apparin Fig. 2 . The plot accounts for 32 % of the total species variation (total ent between carnivores and non-carnivores.
inertia) and 62% of the explainable variation. Data for the analysis Tests were also carried out for each of the given in Tablc 5 major fauna1 groups to assess their overall distribution along the PAH gradient (Table 6 ). These indicated a significant correlation becles in the sedimentary carbon pool (Nses & Oug 1998).
tween echinoderms and low PAH values, suggesting The results suggest that depth and effluents are the that these species may generally avoid PAH-containimost salient factors for species distribution. nated areas, whereas other groups were more evenly dispersed. With the notable exception of carnivores, Table 6 . Ranking of species with respect to trophic status and major systematic groups along a gradient determined by PAH concentrations For each cdse, average ranks were calculated for species allocated in 2 groups; difference between groups were tested using Mann-Whitney U-test for 2 independent samples. (A) Carnivores compared with non-carnivores. all species (97 species), only polychaetes (57 species), and nonpolychaetes (40 species rather few species had their optima at high PAH concentrations. The decrease was most pronounced among deposit feeders (Fig. 5) . susp f : suspension feeders) shown in Table 3 Amphiura filifotmis
The generalised model of the community's trophic 1400 composition along the PAH gradient, generated from fitted response curves for the species, is shown in 1000 Fig. 6 . There is a clear relative dominance of carnivores at high PAH levels. At low PAH levels, surface and subsurface deposit feeders dominate, while carnivores account for 15 to 20% of the specimens. The carnivores begin to increase at PAH levels of roughly 10 pg g-' and exceed 50% at 100 pg g-'. The carnivore curve flattens out at levels in excess of 300 pg g.', but the reliability of the estimates in this part of the diagram is likely to be poor since there are very few data available for these high PAH levels. The extreme left part of the figure may also be less reliable, as the estimated PAH values are somewhat arbitrary as regards background levels. A few examples of fitted response curves for the species are shown in Fig. 7 . The species shown are 1 echinoderm (Amphiura filiformis) and 3 polychaetes (Eciysippe vanelli, Paramphiname jeffreysii and Nereirnyra punctata), representing different feeding modes. Although the examples illustrate quite typically the very scattered nature of the species data, it appears that the fitted functions describe th.e main distribu.tion of the species adequately.
DISCUSSION
The a.ssumption underlying the environmental studies in smelter-affected fjords is that PAH may have adverse effects on organisms in the receiving waters. It is common knowledge that PAHs may have severe pathological effects in fish, especially by inducing cancer and various skin, and liver lesions (see e.g. Knutzen 1995) . Fairly little is known about the effects of PAHs on other aquatic organisms. Many invertebrates, such as molluscs and crustaceans, tend to accumulate PAH without obvious detrimental effects (Law & Biscaya 1994 , Naes et al. 1995 . However, various studies have reported toxic effects, even at moderate PAH concentrations (see Long 1992 , Long et al. 1995 . Apparently, the ability to metabolise PAH differs among species and classes of organisms, which may account for some of the reasons the potential hazards tend to differ among species. In polychaetes, the metabolic ability varies considerably among species and may not be predicted on the basis of standard taxonomic classifications (Driscoll & McElroy 1996) ; in molluscs, the metabolic rates appear to be low. In addition, some echinoderms are known to metabolise PAHs (den Besten et al. 1993) . The actual toxicity of PAH, however, may be fundamentally contingent on speciation of the PAHs. PAHs generated by the AI and Mn-alloy industry are, to a large extent, bound to black carbon-containing particles (soot) (NES et al. 1998) . If these particulate bound PAHs should impose effects on biota, it implies desorption from the soot matrix and crossing of cell membranes. However, the association of PAHs with soot carbon is known to restrict the desorption processes (McGroddy & Farrington 1995 , McGroddy et al. 1996 . Compared with petroleum-derived PAHs, the former are presumably less available to organisms. Knutzen (1995) suggested that the generally modest ecological effects observed in the Norwegian smelter-affected fjords might be explained by particle affinities. Indeed, studies of PAH profile patterns in the fjords have indicated that the PAHs are resistant to degradation and transformation reactions (Nces & Oug 1997 , 1998 . Correspondingly, Paine et al. (1996) concluded that sediment PAHs present in the form of pitch or coal tar particles in smelter-affected Canadian fjords are of limited bioavailability and do not exhibit toxic effects on the benthic fauna.
Also, effects of PAHs on organisms are in general initiated through biotransformation of the compounds to toxic n~etabolites, mainly by activation of the cytochrome P450-enzymes. This enzyme system is well developed in fish, but to a far lesser extent in invertebrates (Bucheli & Fent 1995) .
It is generally recognised that the overall ecological effects of contaminants will be exposed through the natural communities of species, since a comn~unity represents a system of species interactions and, accordingly, integrates and reflects the responses of all affected species. The study of natural species communities is therefore a key element in many monitoring programmes addressing the spatial and temporal effects of contaminants. However, the effects may be small compared with the influences of natural abiotic factors and may also be overshadowed by large biological variation. The inherent difficulty may lie in correctly Linking biotic responses and environmental influences, in particular when it comes to detecting and interpreting subtle changes (Rees & Eleftheriou 1989 , Elliott 1994 . Despite the complexity of the systems, various authors (e.g. Joern & Hoagland 1996) stress the importance of community or ecosystem studies for risk assessments because single-species studies such as bioassays may fall short in predicting the responses of natural systems. As a consequence, capturing key response signals in natural systems will represent a major challenge in the field of ecotoxicology (Joern & Hoagland 1996) .
In the present examination of data from Norwegian smelter-affected fjords, significant faunal changes pertaining to trophic composition, and to some extent systematic groups, were identified along sedimentary PAH gradients. At high PAH levels detritus feeders were generally reduced while carnivores seemed to be unaffected or possibly even stimulated. The changes appeared to commence at rather low PAH levels, before the total number of species and community diversity was affected, and also before detrimental effects became obvious. Clearly, the general effects of the PAHs on the communities were limited, but the functional changes may represent a type of early response signal preceding more fundamental changes evidenced by species reductions or reduced diversity. The changes may reflect contaminant responses which influence particular species or groups of species. The most clear and diverse responses were observed among the polychaetes, which, as a group, represent a diverse range of feeding modes and living strategies. In a general context, these results emphasise that incorporating the biological features of the organisms into analyses of the species assemblages may enhance the capability of impact determination. Elliott (1994) notably encouraged such approaches in environmental quality assessments. The importance of functional relationships has recently also been demonstrated by Roth & Wilson (1998) , who found that trophic preferences afforded stronger demarcation of the patterns in intertidal sediment communities than taxonomic analyses. Interestingly, they observed a dominance of carnivores in areas with stress from anthropogenic pollution.
The presently observed faunal changes could possibly be explained in terms of exposure to PAHs. Compared with sessile particle feeders, carnivorous polychaetes may simply be less exposed as they are able to move in and out of the strongly contaminated areas. They are also less dependent on the sediments for food and shelter. The fact that the community changes tended to be most distinct in shallow waters may also point to exposure. Recent data show that the smelter effluents contain substantial amounts of low-molecular-weight PAHs in a non-particulate state, which are dispersed in the surface layers of the receiving waters (Nces et al. 1998) . Further, various more toxic and soluble derived compounds may result from photo-oxidation (Ankley et al. 1997) . These factors could indicate that smelter effluents influence the surface and shal-low waters more extensively than the deep bottom areas in receiving waters. Nevertheless, the specific responses to the PAHs will depend on the metabolic systems and tolerance to environmental stress of the indvidual species, which cannot easily be generalised to species groups (cf. Driscoll & McElroy 1996) . Possibly the carnivores may feed on small organisms which are not retained in the 1 mm mesh sieves used in the present studies.
The echinoderms represented the only systematic group which showed a negative correlation with PAH. This result ties in with recent studies in the Sunndal fjord in which biomarker responses have been detected in soft bottom sea stars and sea cucumbers (Nzes et al. unpubl.) . Echinoderms have also been found to be sensitive to oil pollution (Daan et al. 1992 , Newton & McKenzie 1995 . For instance, in the North Sea, the population of the brittle star Amphiura fjljformis decreases in response to discharges of oil-contaminated drill cuttings (Daan et al. 1992) . Some echinoderms, e.g. sea stars, are known to metabolise PAHs (den Besten et al. 1993) , thereby exposing themselves to increased levels of potentially deleterious metabolites. Possibly, particular attention should be paid to the echinoderms in PAH monitoring, as this group may link biomarker and ecological responses.
In the generalised diagram of changes in the community, the main rise in the proportion of carnivores occurred at PAH levels between 10 and 100 pg g-', with the initial changes at about 5 1-19 g-l. Interestingly, these values are not all that distant from the effect hits for PAH established by Long et al. (1995) from a number of toxicity tests and field studies. They indicated that adverse effects first appear at about 4 pg g-' total PAH ('effect range low'), and frequently or always occur at above 50 pg g-' ('effect range median'). Long et al. (1995) assumed that the limits would be of broad applicability, because data for a variety of species, which may differ considerably in their sensitivity to contaminants, were included. It should be remembered, however, that the pattern illustrated in the present study is based on correlations between fauna and PAH and does not necessarily express a direct cause and effect relationship.
It should also be considered that the species could possibly react to stressing factors other than PAH in the discharged effluents. These may include fluoride, particulate matter, and in some cases, metals (Knutzen 1995) . In the present data sets, there were rather few quantitative data for these factors, so they could not be entered as separate variables in the analyses. Fluoride is potentially hazardous because it may form complexes with metals of importance for enzyme functions. Knutzen (1995) , however, found it unlikely that fluoride should cause any major impairment of the environment in the receiving waters, considering that effluent discharges are rapidly diluted. The deposition of particulate matter could constitute an important factor in the vicinity of the ouffalls. Sedimentation of inert mineral particles, however, has elsewhere been found to favour small deposit feedlng organisms (Gray 1982 , Olsgard & Hasle 1993 , which is contrary to the pattern found in the present study. Metal contaminants are of concern in fjords affected from Mn-alloy smelters (Feda, Sauda) but not from A1 smelters (Ardal, Sunndal), because of the different ore materials. In the Sunndal fjord, metal concentrations are low (Knutzen 1995) . Essentially, the separate CCA for the Sunndal and Surnadal fjords revealed the same pattern among the carnivores as the main analysis, ruling out metals in this case. In conclusion, PAH is therefore, as far as is known, the only major consistent stressing factor which is present in the smelter-affected fjords and to which species patterns may be related. It should also be noted that in the CCAs, stressing factors other than PAH would contribute to the non-specific variables of distance from effluent outfall and sediment categories, which in the analyses were found to be less clearly related to species patterns than PAH.
The fractions of the species variance which could be accounted for by the environmental variables in the 2 CCAs were roughly 20 and 50%, respectively. These figures are comparable to other benthic studies explaining 25 to 40% of the variance using variables related to topography, sedirnents, and, in some cases, contaminants (Quintino et al. 1995 , Mackie et al. 1997 , Oug 1998 ). The unexplained variance possibly represents important ecological factors which have not been characterised, as well as generally inexplicable 'noise' emanating from patchiness and random fluctuations in the biological systems. The CCA technique, however, provides a framework for estimating and testing particular species-environment relationships, even when these are masked by other large sources of variation (ter Braak & Verdonschot 1995) . In the present case, the species patterns extracted on the PAH gradient represented no more than 5 to 10% of the total variance. These patterns were not observed in the traditional treatment of the species data. Essentially, this result corroborates Elliott (1994) , who pointed out that the routine analyses most commonly applied to benthic community data do not fully extract the biological information contained in the data. In order to correctly interprete such patterns and evaluate the ecological consequences, however, it is important to describe and quantify the influences of natural environmental factors as completely as possible. This points to a need to characterise a broader set of environmental variables and ecological relationships in monitoring of the effects of contaminants.
